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2to a modication of the electron wave function due to the
polarization of the vacuum by the Coulomb eld (Uehling
potential).
Technically the most complicated are the self-energy
and the vertex FNS (SEVFNS) corrections given by di-
agrams in Fig.1(b) and Fig.1(c). According to our pre-
vious work [6], the SEVFNS relative correction for an






























Here b = exp(1=(2)   C   5=6), C  0:577 is the Euler
constant, and r
0
, as we already mentioned, is the nu-
clear radius. The total relative SEVFNS correction (2)
is the ratio of the sum of diagrams Fig.1(b) and Fig.1(c)
divided by the diagram Fig.1(a). Value of 
s
is not pro-
portional to the nuclear radius squared because it is a
relative quantity. Plot of 
s
versus the nuclear charge Z
is shown in Fig.2 by the dashed line. Results of computa-
tions of 
s
for 1s and 2s states [2] are shown by squares
and triangles, respectively. The (Z) term in (2) comes







solid +0.71,  -2.65
dotted -1.65,  -1.60
dashed -2.34,  -1.28
solid blue +0.91,  -2.75





states. The dashed line shows the correction 
s
given by Eq.
(2). Results of computations of 
s
for 1s and 2s states [2]
are shown by squares and triangles, respectively. The solid
line shows the correction 
p





state [2] are shown by diamonds.
from distances r  
C











. An important point
is that there is no contribution that comes from distances
r  
C
. Because of this reason the correction 
s
is ex-
actly the same for 1s, 2s, 3s,... states [7]. Why there
is no contribution of larger distances into 
s
? The rea-
son is very simple. In the leading order the correction 
s
can be expressed in terms of the forward electron-nucleus
scattering amplitude [6]. There is a rigorous QED theo-
rem that claims that there is no an infrared divergence
in the forward scattering amplitude, see e.g. Ref. [8].
Therefore, quantum uctuations from distances r  
C
cannot contribute to 
s
(see also Ref.[9]). Let us look
now at the p-wave SEVFNS correction 
p
. From the
point of view of the scattering problem it corresponds
to scattering at nite angle. The nite-angle scattering
amplitude is always infrared divergent. Therefore, one
must expect a contribution to 
p
from quantum uctu-
ations at distances r  
C
. This is the contribution we
calculate in the present work.
Formally we assume that Z  1. Therefore, at dis-




dynamics of the electron is de-
scribed by usual nonrelativistic Coulomb wave functions.







At so small distances, generally speaking, one must use
relativistic Dirac wave function even at Z = 1. The elec-
tron Dirac wave function at r  Z
C
















 =  (  n)
 are spherical spinors ;  =
 1 for s
1=2
-state,  = 1 for p
1=2
-state, and  =  2 for
p
3=2






; and N is a constant





-states the upper component of the Dirac spinor
(3) is much larger than the lower one. Hence, the upper
component determines the FNS shift of such a state. On
the other hand, for p
1=2
-state the lower component and
hence its contribution to the FNS shift is dominating. A
straightforward calculation gives the following values for













































> and < r
4





over charge density of the nucleus. The low-momentum






































fm is the nucleus radius, and A
is the nucleus mass number. As one should expect














Let us calculate now the leading in Z one loop







states. This correction is given by diagrams in Fig.1(b)
and Fig.1(c). Since we consider the leading correction, it
is suÆcient to use the nonrelativistic approximation for
electron wave functions (two-component wave functions).
It is suÆcient also to use the eective FNS perturbation
that reproduces FNS correction for s-wave states,
ÆV
eff






Rest of the calculation is very similar to the textbook
calculation of the Lamb shift, see, e.g. Ref. [8]. We in-
troduce the parameter  such that m    m(Z)
2
.
Hence the correction E
(1)
can be represented as a sum







, where \high" and \low" correspond
to frequencies above and below , respectively. In the
momentum representation, the eective potential corre-






























is momentum transfer, and  is the
Dirac matrix. Taking the p-wave component of the po-
tential (8) and transferring it to the coordinate represen-
tation, we get the following expression for the SEVFNS

























j i : (9)





































The contribution of the vacuum polarization, diagram
Fig.1(d), can be taken into account in Eqs. (9),(10) by
substitution ln(m=2) ! ln(m=2)   1=5. The Uehling
potential, diagram Fig.1(e), does not contribute in this
order.
The low frequency contribution is given by the usual























 H   ! + i0
p j i : (11)
Here < stays for real part, ! is frequency of the virtual
photon, H = p
2






=8 is the energy of 2p-state.
We have also taken into account that interaction with the
photon is of the form  ep A=m, where A is the vector





- and for p
3=2
-state. Using explicit form of 2p










































the rst impression is that the integrand in Eq. (12) is




. However, the function
(r) is orthogonal to the wave function  
2s
(r), hence,
there is no real singularity at ! = 0. There is a real




that is related to the possibility
of emission of real photons, and this slightly complicates
integration in (12). To overcome this technical problem,







. In this form '(r) is orthogonal
both to  
2s
(r) and  
1s
























































where j0i denotes the electron localized at origin. In









has no singularities. Using explicit expression for the
nonrelativistic Coulomb Green's function [10]












 2mE,  = mZ=p,   is the gamma-
function and W is the Whittaker function, and taking












Combining (10) and (16), we nally obtain the total
SEVFNS radiative corrections (diagrams Fig.1(b) and



























As one should expect, the result is independent of the
parameter . We have already mentioned that to ac-
count for the vacuum polarization (the diagramFig.1(d))





Therefore the total FNS radiative corrections (diagrams





























Let us have a look now at the relative FNS radiative
correction for 2p
3=2
state. According to Eqs. (4) and
































For example, for Hydrogen atom the radiative correction
is by a factor 2:6 10
4
larger than the \leading" contribu-
tion.
According to the present calculation, the leading in
powers of Z SEVFNS relative radiative correction (di-
agrams Fig.1(b) and Fig.1(c)) for 2p
1=2



























As we have already explained, the correction comes from
quantum uctuations at distances 
c
< r < 
c
=(Z).


















that comes from distances r
0
 r  
C
, this contribu-
tion has been calculated in our previous work [6]. The
contribution / (Z) that comes from r  
C
has not
been calculated yet. Therefore, altogether one gets the









































is an unknown coeÆcient. To determine the
coeÆcient a
1









given by Eq. (21) is plotted in Fig.2
by the solid line. The results of computations [2] are
shown by diamonds. Agreement is very good.
Concluding, we have shown that corrections to the
Lamb shift of p-wave atomic states due to the nite nu-
clear size are qualitatively dierent from that for s-wave
states. The dierence is related to the infrared behavior
of quantum uctuations. As a result, the leading relative
p-wave correction is proportional to  ln(1=Z) while the
leading s-wave correction is proportional to (Z). The
leading p-wave correction has been calculated analyti-
cally.
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